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,QWURGXFWLRQ
7KH LURQEDVH ORZ DOOR\ VWHHO &U0R9 LV RQH RI WKH PRVW XWLOL]HG KLJK WHPSHUDWXUH PDWHULDO FRPSRQHQWV
ZLGHO\DSSOLHGDVKHDWSLSHVPDWHULDOV LQELRPDVV ILUHGSRZHUSODQW7KH UHODWLYH ORZSHUFHQWYROXPHRIDOOR\LQJ
HOHPHQWVPDNHV WKH VWHHOPRUHHFRQRPLFDO7KHJRRGVWUHQJWK WRXJKQHVVDQGGXFWLOLW\FDQEH LPSURYHGZLWK WKH
FKDUDFWHU RI VROXWLRQ VWUHQJWKHQLQJ DQG GLVSHUVLRQ VWUHQJWKHQLQJ FDXVHG E\ HOHPHQWV LQPDWUL[ >@ ,W KDV IXUWKHU
EHHQSURYHGWKDWWKHVWHHOKDVDUHODWLYHKLJKKHDWFRQGXFWLYLW\DQGJRRGKHDWUHVLVWDQFHZKLFKHQDEOHVWKHPDWHULDO
WRRSHUDWHDWKLJKWHPSHUDWXUHIRUORQJGXUDWLRQ>@
$V D UHQHZDEOH HQHUJ\ VRXUFH WKH ELRPDVV IXHO DQG LWV XWLOL]DWLRQ DUH JDLQLQJ DQ LQFUHDVLQJO\ LPSRUWDQW UROH
ZRUOGZLGH +RZHYHU ELRPDVV IXHOV ZLWK KLJK FRQFHQWUDWLRQV RI 1D . &O DQG 6 DUH XVXDOO\ XVHG IRU ILULQJ





SURGXFWV LV DWWDFNHG DORQJ JUDLQ ERXQGDULHV &UDFNV LQ WKHVH DUHDV DUH IRUPHG DQG H[SDQGHG ZKHQ VWHHOV ZHUH
H[SRVHG LQ KLJK WHPSHUDWXUH IRU D ORQJ WLPH >@ ,Q WKH ORQJWHUP RSHUDWLRQ RI SLSHV DW KLJK WHPSHUDWXUH WKH
GDPDJHDQGSURWHFWLRQGXHWRFRUURVLRQDQGFUHHSEHKDYLRUKDYHEHHQWDNHQLQWRFRQVLGHUDWLRQLQUHFHQWUHVHDUFKHV
,QWKHVWXG\RIFRUURVLRQLWKDGEHHQUHSRUWHGWKDWPROWHQ1D&OJHQHUDWHVVHYHUFRUURVLRQDVZHOODVLQWHUQDOYRLG
IRUPDWLRQRI VWHHOVZKLOH WKH IHDWXUHRI LQWHUJUDQXODU DWWDFN LVPRUH SURQRXQFHG DV WKH FRQWHQW RI1D62 LQ WKH
PL[WXUHV>@9DQOLWKHWDOVWXGLHGFRUURVLRQLQELRPDVVFRPEXVWLRQDQGVKRZHGWKDW.&OLQFUHDVHWKHFRUURVLRQUDWHV
RIPDWHULDOVZKLFKLVXVHGDVVXSHUKHDWHUWXEHV>@)RUWKHUHDVRQWKDWWKHSUHVHQFHRIFKORULGHVKDVDOORZHGDVDOW
SKDVH WR H[LVW DW WKH PHWDO VFDOH LQWHUIDFH DQG VXSSRUWHG D KLJKHU FRQFHQWUDWLRQ RI GLVVROYHG &U DQG )H VRPH
LQYHVWLJDWLRQVKDYHSURYHGWKDWWKHPL[HGFKORULGHVDUJXHIRUDIDVWFRUURVLRQUDWH>@)URPFUHHSUHVHDUFKHVRI
DOOR\V PDFURDVSHFW PHWKRGV ZKLFK H[SODLQHG PHFKDQLVP RI GHIRUPDWLRQ ZHUH VWXGLHG >@ +RZHYHU KLJK
WHPSHUDWXUHFUHHSEHKDYLRUVFDQEHEHWWHUH[SODLQHGE\VWXGLHVDWPLFURDVSHFWOHYHO)RUH[DPSOH23UDWHWDO>@




FUHHS PHFKDQLVP 6%DJXL HW DO >@ QRWHG WKDW VDOW PL[WXUH DIIHFWV WKH FUHHS UXSWXUH SURSHUWLHV RI WKH PDWHULDO
FDWDVWURSKLFDOO\RQO\DIWHUFHUWDLQSHULRGRIWLPH
7KHFUHHSSURSHUWLHVRIVDOWFRDWHGDOOR\DUHDYDLODEOHLQOLWHUDWXUH0RVWVWXGLHVPDLQO\IRFXVHVRQWKHLQIOXHQFH
RI VLQJOH VDOLQH HQYLURQPHQW RQ FUHHS UXSWXUH OLIH>@ GHIRUPDWLRQ PHFKDQLVPV RI DOOR\ DQG WHQVLOH FUHHS
SURSHUWLHV>@+RZHYHUGDWDRIFUHHSSURSHUWLHVRI&UVWHHOVLQYDULRXVPROWHQVDOWVFRQGLWLRQVLVVWLOOQRW
DYDLODEOHEHFDXVHGLIIHUHQWVDOWVKDYHGLIIHUHQWGHJUHHRIVHYHULW\WRFRUURGH0HDQZKLOHUHVHDUFKHVRIFRPSUHVVLRQ










7KHKHDWWUHDWHG&U0R9KHDWSLSHVVWHHOZDVFKRVHQDV WKHUDZPDWHULDO LQ WKLVH[SHULPHQW WKHFKHPLFDO
FRPSRQHQWV DUH VKRZQ LQ 7DEOH &UHHS VSHFLPHQV ZHUH SUHSDUHG E\ FXWWLQJ PP KHLJKW PP GLDPHWHU
F\OLQGULFDOURGVIURPUDZPDWHULDOVE\('0








& 6L &U 0Q 0R 9





3.1. Creep curves 
)LJXUH VKRZV WKH UHODWLRQVKLS EHWZHHQ WKH WUXH VSHFLPHQ VWUDLQ DQG WLPH FUHHS FXUYHV RI &U0R9 LQ
GLIIHUHQW PROWHQ VDOW FRQGLWLRQV DW WKH VWUHVV RI 03D ,W FDQ EH VHHQ IURP )LJ WKDW GLIIHUHQW FUHHS UDWHV RI




1D&O.&O 7KH FRPSUHVVLRQ FUHHS VWUDLQ LV QHDUO\ WZR WLPHV RI RWKHU VSHFLPHQV $OO UHVXOWV REYLRXVO\
LQGLFDWLQJWKDWWKHVWUHQJWKDQGSODVWLFLW\RIFRUURVLRQSURGXFWVDUHGLIIHUHQWZLWKYDULRXVUHDFWLRQVRIPROWHQVDOWV
ZKLFK VHULRXVO\ DIIHFW FUHHS SURSHUWLHV RIPDWHULDOV ,W KDV EHHQ FRQFOXGHG WKDW FUHHS GHIRUPDWLRQ JHQHUDWHG E\
PROWHQFKORULGHPL[WXUHVLVPXFKVWURQJHUWKDQPROWHQ1D&O1D62DQGWKHHIIHFWVDUHDOVRDJJUDYDWHGE\WKH
LQFUHDVHRI.&O
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
)LJ&UHHSFXUYHVRI&U0R9LQDONDOLPROWHQVDOWVXQGHUWKHVWUHVVRI03D
3.2. Microstructure of corrosion surface  
7KURXJK WKH IXUWKHU H[SHULPHQWDO VWXG\ WKHUH LV D QHFHVVLW\ WR DQDO\VLV WKHPLFURVWUXFWXUH GHWDLOV LQ GLIIHUHQW
SDUWV RI PDWHULDOV )LJ VKRZV FRUURVLRQ VXUIDFH DQG ('6 VSHFWUD LQ GLIIHUHQW PROWHQ PL[WXUHV )LJD LV WKH
FRUURVLRQVXUIDFHUHVXOWHGE\1D&O.&ODIWHUFUHHSGHIRUPDWLRQ7KHIDLOXUHPHFKDQLVPVRQWKHVXUIDFHFDQEH
GHILQHG DV LQWHUJUDQXODU FRUURVLRQ *UDLQ ERXQGDULHV ZHUH FOHDUO\ REVHUYHG ZKLFK ZHUH FRYHUHG E\ JUDQXODU
FRUURVLRQSURGXFWV0HDQZKLOHVRPHVPDOOEULJKWVSRWVDUHGLVWULEXWHGQHDUWKRVHSURGXFWV7KHVSRWVDUHLQIHUUHG
DV PL[WXUHV RI .&O DQG 1D&O VDOWV IRU WKH UHDVRQ WKDW DEXQGDQW &O ZDV GHWHFWHG E\ ('6 GHWHFWLRQ VSHFWUD
$FFRUGLQJWRWKHDWRPLFSHUFHQWDJHRI)HDQG2R[LGHSURGXFWVDUHH[DPLQHGDV)H2$VVKRZQLQ)LJEDQ
HYLGHQWGLIIHUHQFHRQWKHFRUURVLRQVXUIDFHFRXOGEHREVHUYHGZLWKWKHLQFUHDVHRI.&O7KHR[LGHILOPVDUHWRWDOO\
VSDOOHGRIIZLWK ORRVH DQGSRURXVPRUSKRORJ\1XPEHUV RI FUDFNV DQGGHIHFWHG VWUXFWXUHVZHUHREVHUYHGRQ WKH
SURGXFWV$FFRUGLQJ WR WKH('6DQDO\VLV LQVSHFWUDDEXQGDQW2ZHUHGHWHFWHGZKLFKVKRZV WKDW WKHVXUIDFH LV
H[WUHPHO\FRUURGHGE\PROWHQVDOWV7KHFRQWHQWRI2LVPXFKKLJKHUWKDQLQVSHFWUDLQGLFDWLQJWKDWWKHFRUURVLRQ
LQPROWHQ1D&O.&OLVVWURQJHU
3UHYLRXVHIIHFWVDUHUHVXOWHGE\WKHactive oxidation of chlorineDQGORDGVWUHVV>@5HDFWLRQVDUHVKRZQLQ(T
(T &RUURVLRQ PL[WXUHV ZLWK KLJK R[\JHQ YDOXH DQG ORZ PHOWLQJ SRLQW DUH SURGXFHG EHFDXVH RI WKH UHDFWLRQ
EHWZHHQPROWHQ1D&O.&ODQG)H&ULQVXEVWUDWH%HVLGHV&OLVDOVRJHQHUDWHGLQWKHUHDFWLRQ,QDQH[WVWHSLI&O
SHQHWUDWHV WKHR[LGHVFDOH WKURXJKSRUHVRUFUDFNVPHWDOFKORULGHVDUHDEOH WRIRUPDW WKHVXEVWUDWH$QXPEHURI
SRUHV RFFXU RQ WKH VXUIDFH ZKHQ WKH ORZPHOWLQJ PHWDO FKORULGHV EUHDN WKURXJK R[LGH ILOPV 7KHVH KROHV ZLOO
GHVWUXFWWKHFRPSOHWHQHVVRIZKROHVXUIDFHOHDGLQJWRWKHDSSHDUDQFHRIEXEEOHVXSOLIWVDQGUXSWXUHV
      1D&O )H 2  2 1D )H 2 &O  o   
0&O&O0 o   
 &O2)H2)H&O o   
:KHQ WKHUH LVD ORDGVWUHVVRQ WKH VDPSOHSRUHVDUH VTXHH]HGDQGH[SDQGHG WREHFUDFNVDQGIDXOW VWUXFWXUHV
ZKLFK DFFHOHUDWH WKH GHVWUXFWLRQ DQG H[IROLDWLRQ RI R[LGH ILOPV )URP )LJF ORQJ VODEOLNH SURGXFWV ZLWKRXW
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REYLRXVFUDFNVDQGSRUHVZHUHREVHUYHGRQWKHVDPSOHLQPROWHQ1D&O1D627KHPRUSKRORJ\RIZKLFKLV
WRWDOO\GLIIHUHQW IURP)LJ DDQG)LJ E)URP WKH('6GHWHFWLRQ DEXQGDQW)HDQG2ZHUHGHWHFWHG$W WKH
VDPH WLPH &U DQG 6 DOVR H[LVW RQ WKH FRUURVLRQ SURGXFWV 7KHPDLQ FRUURVLRQPHFKDQLVP E\PROWHQ VXOIDWH LV
GHVFULEHGLQ(T
     )H 2 62 )H 62  o   
,QWKLVHTXDWLRQJDVHRXV62LVJHQHUDWHGE\WKHPROWHQVXOIDWHLQKLJKWHPSHUDWXUHFRQGLWLRQ7KHR[LGHILOPRI
PDWHULDOVLVDWWDFNHGE\WKHFRPSOLFDWHGFRPELQDWLRQDQGGHFRPSRVLWLRQUHDFWLRQV&RPSDUHGZLWKWKHFRUURVLRQRI





   

   
)LJ0LFURVWUXFWXUHRIWKHFRUURVLRQVXUIDFHLQPROWHQD1D&O.&OE1D&O.&OF1D&O1D62XQGHUWKHVWUHVV
RI03DZLWK('6DQDO\VLV
3.3. Microstructure of section areas 
)LJXUHUHYHDOVPLFURVWUXFWXUHFKDUDFWHULVWLFVRIFURVVVHFWLRQVZKHUHFRUURVLRQGHSWKDQGLQWHUQDODWWDFNFDQEH
UHIOHFWHGZLWKGLIIHUHQWPROWHQVDOW HQYLURQPHQWVDWԨ7KH ORDGVWUHVV LV VHWDV03D)LJ DVKRZV WKH
PRUSKRORJ\RIWKHFURVVVHFWLRQLQPROWHQ1D&O.&O$FFRUGLQJWRWKH('6OD\HUVZLWKGLIIHUHQWFRQWHQWVRI2
DQG&OZHUHREVHUYHGLQWKLVDUHDLQGLFDWLQJWKDWFRUURVLRQVWUHQJWKE\PROWHQVDOWVLVZHDNHQHGZLWKWKHLQFUHDVLQJ
GHSWK RI FRUURVLRQ 7KH REYLRXV FUDFNV DUH FDXVHG E\ WKH FRPELQHG HIIHFWV RI ORDG VWUHVV DQG LQWHUQDO FRUURVLRQ
ZKHUH WKH ORDG VWUHVV FDQ DJJUDYDWH WKH VHSDUDWLRQ EHWZHHQ WKH OD\HU DQG VXEVWUDWH:LWK WKH LQFUHDVH RI.&O DV
VKRZQLQ)LJEHYLGHQWFUDFNVDUHDOVRIRUPHGRQFURVVVHFLRQ+RZHYHUSRUHVZLWKODUJHVL]HZHUHREVHUYHG
ZKLFK DUH QRW VKRZHG LQ )LJ D )URP ('6 LGHQWLILFDWLRQ )H2 DQG &O ZHUH DOO GHWHFWHG LQ FRUURVLRQ OD\HU
VSHFWUD DQG VXEVWUDWH VSHFWUD LQGLFDWLQJ WKDW WKHFRUURVLRQ LV VWURQJ LQ1D&O.&O)LJ F VKRZV WKH
VHFWLRQDUHDRIWKHVDPSOHLQ1D&O1D627KHFRUURVLRQOD\HULVPXFKWKLFNHUWKDQWKHOD\HULQRWKHUVDOWVDQG
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DEXQGDQW)H&U2DQG6ZLWKRXW&OZHUHGHWHFWHGRQWKHOD\HUE\('6VSHFWUD7KLVFDQEHH[SODLQHGWKDWWKH
H[LVWHQFH RI VXOIDWH VXSSUHVV FRUURVLRQ HIIHFWV RI FKORULQH $W WKH VDPH WLPH DFWLYH R[LGDWLRQ RI VXOSKXU LV QRW




ZKHQ WKHUH LVDDSSURSULDWHVWUHVVRQ WKHVDPSOH0HDQZKLOH WKHDPRXQWRIFUDFNV LQFUHDVHVZLWK WKH LQFUHDVHRI
.&O:KHQFRPSDUHGZLWK)LJDDQG)LJEWKHFRUURVLRQOD\HULQ1D&O.&OLVGLIIHUHQWIURPZKLFKLQ
1D&O.&O 0DQ\ GHIHFWHG VWUXFWXUHV VXFK DV SRUHV ZLWK ODUJH VL]HV DQG LQFOXVLRQV ZHUH REVHUYHG 7KLV LV
EHFDXVHZKHQWKHVDPSOHLVH[SRVHGLQFRUURVLYHPHGLXPWKHPROWHQVDOWVZLOOLQWHUDFWZLWKDOOR\HOHPHQWVZKHQ
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)LJ0LFURVWUXFWXUHDQG('6VSHFWUDRIWKHFRUURVLRQVHFWLRQLQPROWHQD1D&O.&OE1D&O.&OF1D&O1D62XQGHUWKH
VWUHVVRI03D
3.4. Microstructure of substrate areas 
7KH DSSHDUDQFH RI WKH VSHFLPHQV LQ VXEVWUDWH DIWHU FRPSUHVVLRQ ZDV REVHUYHG E\ 6(0 *UDLQV DQG JUDLQ
ERXQGDULHVGLVSOD\GLIIHUHQW VWUXFWXUHV LQGLIIHUHQW H[SHULPHQWDO HQYLURQPHQW DV VKRZQ LQ)LJ ,QԨPROWHQ
FKORULGHVWKHPLFURVWUXFWXUHDVVKRZQLQ)LJDEH[SRVHVVTXHH]HGJUDLQVDQGHYLGHQWJUDLQERXQGDULHVGXULQJ
WKHKLJK WHPSHUDWXUHFUHHSGHIRUPDWLRQ7KHFRPSUHVVLRQRIJUDLQV LQ)LJ E LVPRUHVHYHUH WKDQ LQ)LJ D
ZKLFKDJDLQSURYHVWKDWWKHVDPSOHLQPROWHQ1D&O.&OLVHDVLHUWREHGHIRUPHG7KHFRDUVHJUDLQERXQGDULHV
DUHFDXVHGE\WKHJOLGHRIJUDLQV3HDUOLWHVLQERWKVDPSOHVDUHH[SRVHGDVVPDOOSLHFHVZKLFKDUHGLYLGHGE\WKH








7R DQDO\VLV VSHFLILF FKDQJH RI PLFURVWUXFWXUH LQ VXEVWUDWH WKH PRUSKRORJ\ RI VXEVWUDWH LQ PROWHQ VDOWV DIWHU
IXUWKHU DPSOLILFDWLRQ ZHUH REVHUYHG )RU WKH UHDVRQ WKDW WKH PRUSKRORJ\ RI SUHFLSLWDWHG FDUELGHV SHDUOLWHV DQG
HXWHFWRLGFHPHQWLWHVDUHQHDUO\WKHVDPHLQGLIIHUHQWPROWHQVDOWVEXWWKHUHH[LVWDQREYLRXVGLIIHUHQFHEHWZHHQWKH
DVUHFHLYHG VDPSOH DQG VDPSOHV DIWHU FUHHS GHIRUPDWLRQ LQPROWHQ VDOWV )LJ VKRZV D FRPSDULVRQ RI VXEVWUDWH
PLFURVWUXFWXUH RI WKH DVUHFHLYHG VDPSOH DQG VDPSOH LQ PROWHQ 1D&O.&O :KHQ FRPSDULQJ ZLWK WKH DV






7KH HOHPHQWV RI SUHFLSLWDWHG FDUELGHV ZHUH LGHQWLILHG E\ ('6 LQ )LJ D 5HVXOWV VKRZV WKDW LURQ )H DQG
FDUERQ&ZLWKWKHDWRPLFPDVVSHUFHQWDJHRIRI)HDQGRI&DUHPDLQHOHPHQWVDQGWKHUHH[LVWD
VPDOO QXPEHU RI FKURPLXP &U LQIHUUHG WKDW WKH SUHFLSLWDWHV RQ JUDLQ ERXQGDULHV LV VLPLODU WR )H& WHUWLDU\
FHPHQWLWH :LWK D FRPSOH[ VSDFLQJ VWUXFWXUH WKH FDUELGHV RQO\ SUHFLSLWDWH RXW LQ H[WUHPH FRQGLWLRQV *UDLQ
ERXQGDU\ HPEULWWOHPHQW LV DURXVHG ZKHQ WHUWLDU\ FHPHQWLWH GLVWULEXWH RQ JUDLQ ERXQGDULHV &RPSUHKHQVLYH
PHFKDQLFDO SURSHUWLHV FDQ EH ZHDNHQHG E\ H[FHVVLYH SUHFLSLWDWHV UHVXOWLQJ WKH VRIWHQLQJ DQG GHIRUPDWLRQ RI LQ
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OLPLWDQGFUHHSPRGXOXVRI&U0R9VWHHOV UHVXOWLQJ LQDEDG LQIOXHQFHRQ WKHSURSHUW\RIPDWHULDO>@$V WKH
























7KLV ZRUN ZDV VXSSRUWHG E\ WKH 1DWLRQDO 1DWXUDO 6FLHQFH )RXQGDWLRQ RI &KLQD  DQG &ROOHJH
,QQRYDWLRQ3ODWIRUP3URMHFWRI+XQDQ3URYLQFH.
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